Ultrafine nanoporous Cu was successfully fabricated through the dealloying of amorphous Ti 60 Cu 40¹x Au x (x = 0, 1, 2 at%) ribbon alloys in 0.65 M HF solution under free immersion conditions. A bicontinuous nanoporous structure of Cu formed on Ti 60 Cu 40 , Ti 60 Cu 39 Au 1 and Ti 60 Cu 38 Au 2 ribbons with pore sizes of 134, 8.9 and 7.4 nm, respectively. The pore size of the nanoporous Cu dealloyed from Au-added alloys was more than one order smaller than that of the TiCu alloy, which resulted from the 5-order decrease in the surface diffusivity through alloying of Au into Ti 60 Cu 40 ribbons. The Au content increased rapidly during the dealloying process and eventually formed binary CuAu solid solution and Au nanoparticles. Modifying the surface diffusivity by adding Au made it possible for the formation of the ultrafine nanoporous Cu structure.
Introduction
Nanoporous metals have great potential in applications as diverse as catalysis, sensors, actuators, fuel cells and microfluidic flow controllers, just to name a few. 1, 2) Dealloying, a process which originated from the phenomenon of selective corrosion, has been attracting attention recently as an effective method to fabricate nanoporous metals. 3) Dealloying has been observed in a variety of binary Al Cu, 4, 5) MnCu 6) and TiCu 7) alloy systems. The microstructure of the starting materials plays an important role in the formation of the final nanoporous structure. Rather than the crystalline alloys, which have multimodal structures, the amorphous TiCu alloy systems may well be more suitable starting materials, and allow for the formation of a uniformly distributed nanoporous metals. 7) Pore size has been shown to have a significant effect on the physicochemical and catalysis properties, as well as on the responses to the surface enhanced Raman scattering (SERS) effects of the nanoporous metals. 1, 4, 6) The yield strength of nanometer-sized ligaments of nanoporous Au increased from ³880 MPa to 4.6 GPa as the pore sizes decreased from 50 to 10 nm. 8) It is therefore important to fabricate nanoporous metals with smaller pore size and ligament scales. An ultrafine nanoporous structure was able to be obtained at lower temperatures. 4, 9) The low-temperature dealloying was achieved to refine the dealloyed structure with a pore size of about 5 nm due to the 3-order decrease in the surface diffusivity of Au.
9)
The dealloying process proceeds at the metal/electrolyte interface, and the diffusivity of the more noble metal played an important role in the rearrangement of the atoms. 10, 11) The surface mass-transfer diffusion coefficients of Au and Cu were reported to be 2.7 © 10 ¹19 and 1. 13) The Au accumulation became faster and finer microstructure was obtained in 0.13 M HF solution, compared with 0.03 M HF solution. Therefore, the finer nanoporous Cu is expected to form in the more concentrated HF solutions.
In this paper, the dealloying process and formation of nanoporous Cu from amorphous Ti 60 Cu 40¹x Au x (x = 0, 1, 2 at%) ribbon alloys through dealloying in 5-time more concentrated HF solutions than the former dealloying solutions were investigated in aspect of the dependency of porosity evolution on the immersion times. The changes in the characteristic scale length of pores and ligaments, and the composition of as-dealloyed ribbons were examined for various immersion times. The surface diffusivity of the Auadded TiCu alloys was investigated.
Experimental
Ternary alloys with nominal compositions of Ti 60 Cu 40¹x -Au x (x = 0, 1, 2 at%) were prepared by arc melting of a mixture of pure Ti (99.99 mass%), pure Cu (99.9 mass%) and Au (99.9 mass%) in an Ar atmosphere. TiCuAu ribbon samples 20 µm in thickness and 2 mm in width were melt spun. Dealloying was performed in the 0.65 M HF solutions (pH 2.6) for various immersion times under a free corrosion condition open to air at 298 K.
The amorphocity of the as-spun TiCuAu samples was confirmed by an X-ray diffractometer (Bruker AXS, D8 Advance) with Cu K¡ radiation ( = 0.15418 nm). The microstructures of as-spun and as-dealloyed TiCuAu ribbons were investigated by a transmission electron microscope (JEOL, JEM-HC2100). The morphology and Au contents of the as-dealloyed samples were observed by a scanning electron microscope equipped with an energy dispersive X-ray spectroscope (JEOL, JIB-4610F). The sampling for TEM observation was conducted by using an ion milling machine operated at an acceleration voltage of 5 kV and indentation angle of 35°under a vacuum condition. The characteristic scale length, such as pore size and ligament size, was measured more than 100 sites by using the single chord length method, and then summarized statistically.
Results

Characterization of as-spun and as-dealloyed ribbon
alloys by XRD Figure 1 shows the XRD patterns of as-spun and asdealloyed Ti 60 Cu 40 , Ti 60 Cu 39 Au 1 and Ti 60 Cu 38 Au 2 ribbon alloys after immersion of 43.2 ks. The patterns were typical of amorphous alloys, indicating that the specimens had an amorphous structure. The XRD pattern of as-dealloyed Ti 60 Cu 40 ribbon alloys exhibited the diffraction peaks attributed to fcc Cu (111), (200) The mean pore sizes were 91 nm after dealloying for 10.8 ks and 134 nm after dealloying for 43.2 ks. The corresponding ligament scale lengths were 102 and 145 nm, respectively. The absence of Ti peaks in the EDX spectra indicated that samples were fully dealloyed. Figure 3 shows the surface morphology of as-dealloyed TiCuAu ribbon alloys. After immersing for 10.8 ks, a nanoporous structure with small pores and relatively wide ligaments formed, as shown in Figs. 3(a) and 3(d) . A comparison between the two alloys revealed that the finer structure was obtained on the alloy with a higher addition of Au. With gradual widening of the pores with increasing dealloying times was accompanied by a slight refinement of the ligaments. A cross-sectional observation was performed on the mechanically broken parts of the ribbon alloys made before the SEM observation. The cross-sectional morphology shows that the samples were dealloyed completely after a free immersion of 43.2 ks. Both the inner structure and the surface regions showed high uniformity. The EDX spectra of the asdealloyed samples show the residue consisted of Cu, Au and trace Ti of less than 1 at%. The intensity of the Au peaks increased with the dealloying time, and the contents of Ti in as-dealloyed TiCuAu alloys were l2 at%, which is higher than those of Ti 60 Cu 40 ribbon alloys (Fig. 2(e) ).
The characteristic length scales of ligaments and the pores of nanoporous Cu formed after an immersion of 1. (Figs. 2 and 3) , it can be assumed that the characteristic length scale of nanopores is formed at the initial immersion stage, and the refining of the ligaments occurred during the prolonged dealloying. The slight increases in the pore sizes and the decreases in the length of the ligaments in nanoporous Cu allowed for the formation of ultrafine nanoporous Cu over time. When the immersion time was increased from 1.8 to 43.2 ks, the Au content of dealloyed Ti CuAu alloys increased from 3.5 to 5.2 at% for Ti 60 13) the Au content accumulated faster, which resulted from the higher concentration of HF solution. Figure 5 shows the bright-field (BFI) and high resolution TEM (HRTEM) images, and the selected area diffraction patterns (SADP) of the as-dealloyed Ti 60 Cu 38 Au 2 ribbon alloy. The BFI TEM image shows that a uniform nanoporous structure with a pore size of less than 9 nm. The HRTEM images show that the crystalline Au formed on the ligaments. The interplanar distance from the adjacent lattice fringes marked in the HRTEM images was 0.237 nm, corresponding to the {111} planes of fcc Au (Fig. 5(b) ). The SADP (Fig. 1) indicated that Au was in its metallic state.
Estimation of surface diffusivity
The surface diffusivity was estimated by the following equation:
Where k is Boltzmann constant, £ is surface energy, t is the dealloying time (43.2 ks), d(t) is the pore size at t, T is the temperature (298 K) and ¡ is the lattice constant. The surface energy is 1.79 J m ¹2 for Cu and 1.363 J m ¹2 for Au. 4, 15) The minor addition of Au influenced surface energy in a limited range, therefore, the surface energy of Cu was selected for the purpose of calculations.
The calculated data of the surface diffusivities are shown in Fig. 6 . The pore size decreased by more than one order after addition of 2 at% Au. These phenomena resulted from the sharp decrease in the surface diffusivity, which showed a five order difference in magnitude, changing from 3.53 © 10 ¹17 to 2.90 © 10 ¹22 m 2 s ¹1 . Ultrafine nanoporous Cu was successfully fabricated by modifying the surface diffusivity of Cu during the dealloying and rearrangement of the diffused Cu atoms.
Discussions
Amorphous TiCuAu alloys were used as the starting materials in order to allow for a more uniform distribution of the minor Au additions in the substrate than crystalline materials. The uniformity of the distribution of Au in the starting materials is believed to play a key role in the rearrangement of the Cu and Au adatoms during dealloying. In fact, the coarsening rate has been shown to be dependent on the surface diffusivity of the remaining noble metal element. Pugh 16) reported that the dissolution rate of less noble Cu from the CuPt alloy system is approximately 1 order of magnitude higher than that of Ag dissolution and the dealloying of Ag from the AgAu alloy. The nanopores formed from CuPt alloys, approximately 3.5 nm, were significantly smaller than those from the AgAu alloy. The effective diffusivity of Pt, at least 34 orders of magnitude lower than Au, was contributed to the formation of finer nanopores. Ding et al. reported that Au rearrangement occurred only by the diffusion along the alloy/electrolyte interface and that nanoporous Au leaf retains the grain structure of the original non-porous alloys. 17) The fast surface self-diffusion of Au in electrolytes allows Au atoms to arrange locally into the porous networks within a short timescale. The Au diffusion at the metal/electrolyte interface were shown to influence the surface diffusion of Cu at the interface regions, in effect neutralizing the fast diffusion of Cu atoms, and the dramatic slowdown in the diffusion of Au atoms resulted in an equally dramatic decrease in the overall surface diffusivity. As has been presented before, the 5-order decrease in surface diffusivity for as-dealloyed Ti 60 Cu 40 alloys and Ti 60 Cu 38 Au 2 alloy indicates that the involvement of Au atoms during the dealloying modified the surface diffusivity to a level comparable to that of Au in the Ag 80 Au 20 alloys. 17) When the minor Au atoms were involved into the dissolution of Ti atoms and rearrangement of Cu atoms, the self-diffusion of Cu adatoms and the diffusion of Au on Cu became important for the formation of nanopores. Evangelakis investigated the diffusion of Au adatoms on Cu and the self-diffusion of Cu adatoms by the molecular dynamic method. 18) They found that Cu adatom diffusion took places exclusively by hopping from one adatom position to the adjacent one and that multiple jumps are frequent at low temperatures. On the other hand, Au adatoms on the Cu surface hopped less frequently on a Cu surface than Cu adatoms during self-diffusion. The migration energy required for Au hopping on Cu was almost twice the energy required for Cu adatoms to hop. It follows then, that the diffusion of Au on Cu was more difficult than the diffusion of Cu on Cu. 19) While the Cu adatoms diffused quickly in and out through themselves, Au adatoms diffused slowly out and hardly diffused back inside the ligaments. Consequently, Au adatoms gradually accumulated outside the ligaments during the dealloying. As a result, it is concluded that the Au adatoms rearranged to form some nanoparticles and other Au adatoms formed CuAu solid solution during dealloying via the hopping mechanism. When the Au-added amorphous alloys were dealloyed in more concentrated HF solution, more Cu and Au adatoms accompanying with the faster selective dissolution of Ti accumulated within a short timescale. The fabrication of smaller nanopores became easier due to the faster accumulation of Au adatoms and the faster formation of the CuAu solid solution layer on the ligaments, which acted like a diffusion barrier. This effect also became stronger as the Au contents increased, finally resulting in the formation of the pores of less than 8 nm.
Conclusions
Ultrafine nanoporous Cu with a pore size of less than 8 nm was successfully fabricated by the dealloying of TiCu amorphous alloys with the addition of Au. Amorphous Ti 60 Cu 40 , Ti 60 Cu 39 Au 1 , Ti 60 Cu 38 Au 2 alloys were dealloyed in 0.65 M HF solution under free immersion conditions. A uniform nanoporous structure with a ligament scale of 12.2 145 nm and a pore size of 7.4134 nm were obtained. The addition of Au reduced the surface diffusivity of Ti 60 Cu 40 alloys by five orders of magnitude. The Au-enriched regions outside the ligaments can be attributed to the hopping mechanism of Au on Cu and Cu self-diffusion due to the difference in the surface diffusivity via hopping mechanism. We propose that the addition of the metals with lower surface diffusivity into alloys helps the formation of ultrafine nanoporous structures.
